We examined the longitudinal propagation of contraction in isolated human and pig coronary arteries. Epicardial coronary arteries of about 2 cm were cut open longitudinally, and the tension development of circular muscles was measured simultaneously at three sites (both cut ends and the midportion of the segment). Cyclic tension changes arising at one site of human coronary artery propagated smoothly to the other sites, and the whole length of segment worked as a single unit. Contraction induced by locally appb'ed prostaglandin F^ or histamine also propagated in four of seven preparations. The remaining three human and all seven pig coronary arteries showed propagation of such drug-induced contraction after treatment with 10 mM tetraethylammonium (TEA). In pig coronary arteries treated with TEA, electrical stimulation evoked a reproducible local contraction and its propagation. Propagation velocity was 9.0±0.7 at 0.8 mM calcium concentration and increased to l l . l ± 0 . 9 and 13.1±1.4 mm/sec as calcium concentration rose to 1.8 mM and 7.2 mM, respectively. Local contraction did not propagate at calcium concentrations of 0.2 mM or less. The calcium antagonist diltiazem decreased the propagation velocity dose dependently and blocked propagation of contraction at 0.3 fiM without significant effects on the magnitude of local contraction. We conclude that smooth propagation of contraction develops in epicardial coronary arteries of humans and pigs and that the propagation may depend on calcium influx. (Circulation Research 1989;64:734-741)
M
any studies have been done to clarify the pathogenesis of coronary spasm, and atherosclerosis has been recognized as having an important role in enhanced coronary responsiveness to various vasoconstrictor drugs and subsequent coronary spasm.'- 3 However, an initiating mechanism for coronary spasm that develops spontaneously in humans remains unclear. Previous efforts to identify the causative vasoconstrictor substances in the plasma have been unsuccessful.
Recent reports have suggested that human coronary artery itself has an intrinsic or local mechanism to initiate coronary contraction. First, human coronary arteries show spontaneous automaticity or cyclic tension changes when small segments are examined in vitro. 4 -5 Second, human coronary arteries from patients with ischemic heart disease are reported to contain higher levels of histamine, 6 a substance known to provoke coronary spasm when given intravascularly. 17 An increased number of adventitiaJ mast cells, which contain histamine as well as leukotrienes and can release these vasoconstrictor agents in response to various stimuli, are also reported in the coronary arteries of patients with vasospastic angina. 8 These two mechanisms may be able to activate coronary smooth muscles locally. However, we do not know whether the local coronary contraction can spread out to other areas and cause coronary spasm involving a certain length of artery.
Propagation of contraction has been documented in the portal-mesenteric vein 910 and in small arteries. 1011 Although some studies have suggested enough intercellular communication of smooth muscles in larger arteries including coronary arteries, 12 -14 no studies have ever examined the propagation of contraction per se in coronary arteries. In the present study, we examined the propagation of contraction in the isolated human and pig coronary arteries, and the role of extracellular calcium in the propagation of contraction was examined in the pig coronary arteries. 
FIGURE 1. Schematic illustration of experimental setup. Panel A: Coronary segment was incubated in organ bath, and tension development was measured simultaneously at three sites (T-1, T-2, and T-3). E-1, E-2, and E-

Materials and Methods
Tissue Preparation
The proximal portion of right or left circumflex coronary arteries was excised from 21 postmortem human hearts within 4 hours of death and from 21 farm pig hearts at a slaughterhouse. The cause of death was neoplastic disease in most patients; their ages ranged from 21 to 75 years. None of the patients had a history of ischemic heart disease or had been receiving calcium antagonists, organic nitrates, /3-or a-blockers, or antihistamines. Coronary segments of approximately 2 cm in length were dissected free from adherent connective and fat tissues and cut open along their long axes. In human coronary arteries, a segment that had milder atherosclerotic lesion and little (less than 25%) or no luminal narrowing in the cross-sectional area was chosen. Isometric tension development of circular muscles was measured simultaneously at three sites of the segment (both cut ends and the midportion) by use of force displacement transducers (model TB-611T, Nihon Kohden, Tokyo, Japan) ( Figure  1A ). Three recording sites were fixed with stainless steel hooks (0.35 mm diameter). The distance among three fixing sites on the organ bath was made shorter than the coronary segment itself by about 30%. This prevented the direct mechanical interaction of contraction at each recording site. Resting tension was set to 1 g.
For study of the spread of contraction developing spontaneously or provoked by electrical stimulation, each segment was incubated in 20 ml organ bath at 37° C. The bathing fluid was modified Tyrode's solution of the following millimolar composition: NaCl 137, KCI 5.0, CaCl 2 1.8, MgCl 2 1.0, NaH ? PO 4 0.4, NaHCOj 12, and glucose 5.6. The solution was oxygenated with a gas mixture of 95% O 2 -5% CO 2 . Platinum suction electrodes of 0.4-to 0.5-mm diameter tip were placed at three fixed ends of the segment that corresponded to the three sites of tension measurement (see Figure 1A) . The electrodes were used for electrical stimulation or for recording of electrical activity. For study of the drug-induced local coronary contraction and its spread, each coronary segment was superfused along the long axis from the distal to the proximal end with warm oxygenated solution at a flow rate of 5 ml/min ( Figure IB) . The lowest site was soaked in 20 ml organ bath oxygenated at 37° C. Drugs were given in bolus into the organ bath for local activation only of the coronary receptors. No diffusion of patent blue dye given into the bath to the upstream sites was confirmed in this supervision model. Mechanical stretch and release of one recording site and local contraction induced by 60 mM KCI did not affect the resting tension of the other recording sites ( Figure 1C ).
Electrical Stimulation
For electrical stimulation of coronary artery, single positive square-pulse current was applied through a suction electrode positioned at the proximal end of the arterial segment by means of an electronic stimulator (model 3F46, Sanei, Tokyo, Japan). An anodal platinum electrode was placed in the vicinity of the suction electrode within the bath. The width of the pulse was fixed at 50 msec, and an amplitude of twice the threshold needed to induce contraction was used. The amplitude ranged from 10 to 20 V in each experiment. The contraction magnitude, as well as the velocity of contraction, was independent of the amplitude of stimulation from the threshold voltage up to 50 V; at amplitudes above 50 V, direct stimulation of the neighboring site 1 cm away was observed. Extracellular electrical activity was recorded through suction electrodes by use of an amplifier (model AB-621G, Nihon Kohden). All data were displayed on an ink-writing pen recorder (model WI-641G, Nihon Kohden).
Calculation of Propagation Velocity of Contraction
Propagation velocity of contraction in human coronary artery was measured during the cyclic tension changes arising spontaneously or after administration of vasoconstrictor drugs. The time delay in the start of contraction in three recording sites was 
Spike-like electrical activity (E-l, E-2) preceded each phasic contraction (T-1, T-2). Panel D:
Disappearance of synchronization occurred after compression damage between T-1 and T-2.
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measured. The distance between the sites of the second and third contraction was divided by the time delay in the start of each contraction to determine the propagation velocity, expressed as millimeters per second. In pig coronary arteries, propagation velocity of contraction was measured after electrical stimulation of one end of the segment.
Drugs
Histamine and serotonin were obtained from Sigma Chemical, St. Louis, Missouri. Other drugs used were prostaglandin F^ (PGF2J (Ono Yakuhin, Osaka, Japan), tetraethylammonium chloride (TEA) (Wako Junyaku, Osaka, Japan), diltiazem (Tanabe Seiyaku, Osaka, Japan), tetrodotoxin (Sankyo, Tokyo, Japan), and thrombin (Midori Juji, Osaka, Japan). All drugs were freshly prepared for each experiment.
Statistical Analysis
All data are expressed as mean±SEM. Effects of various doses of diltiazem on contraction magnitude and conduction velocity were analyzed using a repeated measures analysis of variance and modified t test (Bonferroni method).
Results
Propagation of Contraction in Human Coronary Arteries
In human coronary arteries, cyclic tension changes developed in 11 of 14 examined preparations either during the incubation without any vasoconstrictor drugs or after the application of PGF^ 3 /uM or histamine 10 /AM. In all coronary arteries, cyclic tension changes in three recording sites showed a perfect synchronization with a certain time delay in the start of each contraction ( Figure 2 ). When cyclic tension changes appeared with short time intervals, summation of contraction developed both at the pacemaker site and at propagated sites ( Figure 2B ). Propagation velocity of cyclic tension changes was variable among each preparation, ranging from 0.4 to 2.1 mm/sec with a mean of 1.0±0.2 mm/sec (AI=11). Extracellular electrical activity of spikelike shape was recorded in three coronary arteries before each contraction ( Figure 2C) ; the propagation of contraction seemed to depend on the electrical excitation of cell membrane. The propagation of contraction was confirmed by the disappearance of synchronization or automaticity after damage to the coronary artery between each recording site by compression ( Figure 2D ).
Propagation of local coronary contraction elicited by vasoconstrictor drugs was examined by means of a coronary superfusion model. In four of seven examined human coronary arteries, the application of PGF^ or histamine to the most downstream site induced not only the contraction of that site but also of sites 1-2 cm upstream, where direct stimulation by those drugs was very unlikely ( Figure 3) . The remaining human coronary preparations-those in which no propagation of local contraction was observed-were incubated in modified Tyrode's solution containing 10 mM TEA for more than 30 minutes and then superfused with the solution with TEA. All of the human coronary arteries treated with TEA showed propagation of contraction in response to local application of these vasoconstrictor drugs.
Propagation of Contraction in Pig Coronary Arteries
In pig coronary arteries, local application of various vasoconstrictor drugs induced only a local contraction; no propagation of contraction was observed in any of the seven examined preparations. After the administration of 10 mM TEA, however, local application of vasoconstrictor drugs induced propagation of local contraction to the other end of the preparation (Figure 4 ). Propagation of contraction was observed generally in response to each phasic contraction. When the frequency of phasic contraction was high, summation of contraction developed both at the stimulated site and at propagated sites, resulting in a much larger contraction than a single phasic contraction. As shown in the rightmost panel of Figure 4 , the magnitude of propagated contraction with summation was almost the same as that induced by the direct application of serotonin through the perfusate.
Electrical stimulation of one end of a pig coronary preparation provoked a reproducible local contraction and its spread to the other sites under 10 mM TEA ( Figure 5A ). Each contraction was preceded by extracellular electrical activity comparable with that observed in human coronary arteries. Summation of contractions and their propagation as seen in some human coronary arteries with automaticity (see Figure 2B ) and in pigs stimulated with drugs under TEA (see Figure 4) were reproducibly induced by shortening the stimulation interval ( Figure 5B ). In the same preparation of pig coronary artery, the phasic contraction in response to a single electrical stimulus was the same in magnitude and duration as that provoked by vasoconstrictor drugs. We examined the nature of propagation of local coronary contraction by use of this particular experimental model.
Effects of Extracellular Calcium on Propagation of Contraction in Pig Coronary Arteries
Changes in calcium concentration in the incubation medium afiFected both the contraction magnitude and its propagation evoked by electrical stimulation. from 1.8 mM to 0.6 mM decreased the contraction magnitude at the stimulated site (T-1) from 0.8 g to 0.5 g and prolonged the propagation time between T-1 and T-3 from 1.3 seconds to 2.2 seconds. An increase in calcium concentration to 7.2 mM augmented the contraction magnitude and shortened the propagation time. Changes in calcium concentration also affected the magnitude of contractions at the propagated sites. Figure 7A summarizes the effect of extracellular calcium concentration on the contraction magnitude at the stimulated site (T-1) and on the propagation velocity. The magnitude of contraction increased sharply on an increase in calcium concentration from nominally 0 to 0.8 mM and then increased gradually as the concentration increased up to 10.8 mM. At calcium concentrations of 0.2 mM or less, there was only a local contraction without propagation in all seven preparations. At concentrations of 0.8 mM or more, all preparations showed a propagation of contraction, and the propagation velocity increased as the calcium concentration rose to 7.2 mM. At 10.8 mM, however, propagation velocity decreased in all preparations in spite of an increase in the magnitude of contraction. Figure 7B shows the interrelation between the magnitude of contraction and the propagation velocity normalized by each value at a calcium concentration of 7.2 mM. Only data obtained at calcium concentrations of 0.8 mM or more are presented, because no conduction block was observed in any preparations at these concentrations. An increase in the contraction magnitude was accompanied by a linear increase in the propagation velocity at concentrations between 0.8 and 3.6 mM. At higher calcium concentrations, the propagation velocity did not increase as the contraction magnitude increased and even decreased at 10.8 mM. Figure 8 shows the effects of diltiazem on the propagation velocity and contraction magnitude at calcium concentration of 1.8 mM. Diltiazem decreased the propagation velocity significantly at 0.1 /AM (from 10.5± 1.0 mm/sec at control to 8.5±0.7 mm/sec, n=l, /?<0.01) and blocked the propagation of local contraction in six of seven preparations at 0.3 ^.M, where the magnitude of contraction at the stimulated site showed only a minimum decrease (from 0.66±0.09 g at control to 0.58±0.07 g after diltiazem). Cyclic tension changes in human coro-^ 
Effects of Diltiazem on Propagation of Contraction
FIGURE 8. Effect of diltiazem on magnitude of contraction and propagation velocity elicited by electrical stimulation in pig coronary arteries. Values are mean±SEM (n=7). Propagation velocity was calculated as 0 mm/sec when propagation block was observed. *p<0.01 versus control.
nary arteries were also inhibited by diltiazem; however, we could not examine the effects of diltiazem on propagation of contraction since the pacemaker site for the automaticity (first contracting site among three recording sites) often shifted after treatment with the agent.
Role of Nervous System and Endothelium in the Propagation of Contraction
Pretreatment of coronary artery preparations with 1 fiM tetrodotoxin did not inhibit the propagation of locally arising automaticity of human coronary arteries («=3) or the propagation of electrically evoked contraction of pig coronary arteries (n=6).
Endothelium-dependent relaxation was reproducibly demonstrated by thrombin (1 unit/ml) in pig coronary arteries precontracted with PGF^, which indicated the preservation of endothelium in our preparation. 13 Denudation of the endothelial layer by rubbing abolished this thrombin-induced, endothelium-dependent relaxation, but the propagation of contraction elicited by the electrical stimulation was not inhibited (n=5).
Discussion
The present study demonstrated that a local contraction arising spontaneously or induced by a local drug application could cause contraction of other areas up to 2 cm away in isolated human coronary arteries. This was thought to be caused by the propagation of local contraction through the coronary artery and not by the passive or mechanical interactions among three recording sites for the by guest on April 3, 2017 http://circres.ahajournals.org/ Downloaded from following reasons: 1) Mechanical stretch or release of resting tension of one recording site did not influence the tension of the other sites in our preparations, 2) local drug-induced contraction did not influence the coronary tone at the other sites without TEA but did so after the agent was used in a same preparation, and 3) mechanical damage of coronary segment between each recording site abolished the synchronization of cyclic tension changes. A certain time delay in the start of contraction in each site may also support the evidence that propagation of local contraction was taking place in the isolated human coronary arteries.
Unlike the portal-mesenteric vein 910 and small arteries, 10 " smooth muscles of relatively large arteries such as the coronary artery were once thought not to possess enough intercellular communication and not to work as a single unit. However, it is now recognized that some large arteries such as rabbit aorta 13 and carotid artery of pigs 16 and rabbits 12 have enough intercellular communication and can act as a single unit. Dog coronary artery is also reported to have cable properties with a 2.4-mm space constant, 14 suggesting intercellular communication. Spontaneous cyclic tension changes have been observed repeatedly in the isolated small segment of human coronary arteries. 45 For such cyclic tension changes to occur, coronary smooth muscles should contract as a single unit after pacemaker stimuli and, thus, human coronary arteries are thought to have enough intercellular communication. However, until now no studies have examined the longitudinal propagation of cyclic tension changes in human coronary arteries, and the present study was the first to demonstrate the smooth propagation of local automaticity in isolated human coronary artery segments of at least 2 cm.
Local coronary contraction induced by vasoconstrictor drugs also propagated in four of seven examined human coronary arteries. Although the underlying mechanism for this propagation of contraction is unclear, this finding supports the hypothesis that vasoactive agents released at one site of the coronary artery may cause widespread contraction of the artery. The remaining coronary artery showed propagation of local contraction after treatment with TEA, a potassium-conductance blocker. This may suggest that the decrease in the potassium conductance of plasma membrane and/or subsequent depolarization may be a prerequisite to the propagation of local drug-induced contraction in isolated human coronary arteries. Potassium conductance blockers are also reported to provoke cyclic tension changes in isolated coronary arteries, 17 which requires that coronary smooth muscles work as a single unit or have a smooth conductivity of pacemaker stimuli. These results indicate that decreased potassium conductance may increase the conductivity of coronary contraction.
Gap junctions are essential for intercellular communication and are now known to be changing dynamically in number in a relatively short time period. 18 The difference in the number of gap junctions of smooth muscles in each human coronary artery and, thus, the difference in the intercellular junctional communication might be responsible for the different properties of propagation in response to a local contractile stimulus. In tracheal smooth muscles of dogs, potassium-conductance blockers are reported to increase the number of gap junctions. 19 It can be speculated that the propagation of contraction after treatment with TEA might be induced by an increase in the number of gap junctions in human coronary arteries.
In pig coronary arteries, neither local drug application nor electrical stimulation provoked propagation of contraction in any examined preparations unless TEA was given. This may suggest that intercellular communication of smooth muscle cells is poor in pig coronary arteries compared with that of human coronary arteries. Propagation of local contraction was observed after the administration of TEA in all pig coronary preparations. TEA is known to evoke action potential (calcium spike) on application of depolarizing current in vascular tissues. 20 -22 Spike-like electrical activity observed in the present study reflects the generation of such action potential in coronary smooth muscles. Thus, propagation of contraction is thought to take place after the spread of action potential in pig coronary arteries treated with TEA.
We examined the nature of propagation of this electrically evoked contraction in pig coronary arteries for the following reasons: 1) A reproducible contraction and its propagation can be obtained repeatedly by electrical stimulation in pigs but not in humans.
2) The effects of various interventions on the generation mechanism of local contraction can be excluded. In the case of cyclic tension changes such as those observed in human coronary arteries, the pacemaker automaticity itself could be affected by interventions, and the shift of pacemaker made it difficult to examine the nature of propagation of contraction. 3) Some similarities were found in the propagation patterns of pig and human coronary arteries; that is, the generation of spike-like electrical activity was present in both preparations, and a summation of contraction developed in both preparations when the phasic contraction appeared at short time intervals.
In pig coronary arteries treated with TEA, changes in calcium concentration in the incubation medium affected largely the magnitude of contraction and propagation velocity. The importance of extracellular calcium in the evoked coronary contraction under TEA has already been reported. 2023 The generated action potential is thought to be a calcium spike in those vessels treated with TEA and indicates the influx of calcium ion through plasma membrane. A rise in the extracellular calcium concentration is known to increase both the amplitude and the rate of rise of the evoked action potential in the vascular smooth muscles. 20 These changes in the action potential were responsible for changes in the propagation velocity under the different extracellular calcium concentrations observed in the present study.
A linear correlation was found between the magnitude of contraction and the propagation velocity at calcium concentrations between 0.8 and 3.6 mM. This may indicate that calcium influx evoked by electrical stimulation will give calcium sources equally both for contraction and action potential (calcium spike) to result in the spread of membrane depolarization within these calcium concentrations. However, a further increase in calcium concentration in the medium did not increase the propagation velocity and even decreased the velocity at 10.8 mM, although the magnitude of contraction continued to increase. This dissociation may be caused by the inhibition of intercellular junctional conductance or gap junctional conductance as a result of the increased intracellular calcium concentration. 18 Diltiazem is well known to inhibit coronary spasm in patients. 24 The present study demonstrated that the propagation of contraction was more sensitive to diltiazem than was the magnitude of contraction; that is, diltiazem near the clinically effective concentration 25 -26 , inhibited the propagation velocity significantly even without effects on the magnitude of contraction. However, we do not know whether the inhibitory action of diltiazem on propagation of contraction plays a role in its antivasospastic activity in patients. No previous studies have shown the inhibitory effect of calcium antagonist on the propagation of contraction in smooth muscles. Whether calcium antagonists inhibit gap junctional conductance preferentially at low concentrations remains to be explored.
